ABSTRACT A 2-yr study was conducted to investigate the effect of spider mites, Tetranychw spp., on cotton (Cossyytum hfrsutum L.) in the West Central San Joaquin Valley of California. Results of each year were analyzed by spline (i,e,, segmented) regression. In 1982, following infestation of cotton at a550 degree-days (DD) > 12°C after planting, significant reduction in yield did not occur until a critical infestation rate (change in the proportion of infested leaves) reached 0.121/100 DD, after which, yields were dramatically reduced. Results of spline regression analysis suggest that cotton is initially tolerant of spider mites, but once the infestation rate exceeds the critical rate, tolerance breaks down rapidly. This critical rate is fundamental to the economic threshold for spider mites on cotton, which is suggested to be 0.8 proportion infested, P(I), leaves. Plots treated with an acaricide at 0.8 P(I), dlid not reach the critical infestation rate and did not experience economic loss. In 1983, yield reduction was significantly greater with early infestations than with late infestations. Combining the 1982 and 1983 data into a single regression analysis showed that the txitical infesttition rate increased with later infestation initiation. In a supplemental analysis, infestation rates were weighted as a function of relative spider mite species abundance and species-specific damage. Weighted infestation rates did not significantly improve or reduce the fit of the regression function. A benefit-cost analysis indicated that once the spider mite population rate of increase exceeds the critical infestation rate, yield suppression is dramatic and sufficient to warrant management intervention.
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. One of the most important criteria for management of spider mites on cotton is the development of economic injury levels that reliably predict impact of spider mites on yield. During 1982 and 1983, we engaged in field trials to study the effect of spider mite infestation rates on yield.
To best assess spider mite impact, it was necessary to induce a broad range of mite densities. In the past, investigators have been able to alter spider mite populations by treating the natural enemy complex with insecticides (Huffaker & Kennett 1966, Ehler et al. 1973 , Trichilo & Leigh 1986 ). This method serves to alleviate predation pressure on spider mite! populations, at least temporarily, and results in rapid increase in spider mite numbers (Bartlett 1968, Iftner & Hall 1984, Trichilo & Leigh 1986) . By stimulating an increase in numbers of spider mites with applications of permethrin or methyl parathion, and suppressing spider mites with dicofol, we were able to establish different rates of infestations, which led to variable spider mite densities.
Several reports have documented the usefulness of determining proportion of infested cotton leaves, P(I), as a reliable estimator of absolute numbers of spider mites (Wilson et al. 1981 (Wilson et al. , 1983 . Proportion infested leaves increases predictably, but asymptotically, with increase in spider mite density (see Wilson 1985) . It has been suggested that the current economic threshold of 0.2 P(1) is too low, and that 0.5-0.8 P(1) is a more realistic level (Goodell & Roberts 1985, Wilson 1986) . We attempted to determine the validity of a higher economic threshold by comparing yield data from treatments with dicofol applied at 0.2 P(1) versus dicofol at 0.8 P(1).
Three species that comprise the spider mite complex on cotton are Tetranychus urticae Koch, T . pactficus McGregor, and T . turkestani Ugarov & Nikolski. Investigators have repoi ted that these species induce different levels of damage, as measured by net photosynthesis (Brito et al. 1986) . It was demonstrated that T. turkestani caused the 0022-0493/91/0593-0600$02.00/0 0 1991 Entomological Society of America This article is the copyright property of the Entomological Society of America and may not be used for any commercial or other private purpose without specific written permission of the Entomological Society of America.
greatest amount of damage, T. pacificus a moderate amount, and T. urticae the least. Because variation in damage is likely to affect yield differentially, addition of a species component should facilitate greater refinement and improve accuracy of existing economic thresholds for spider mites on cotton.
Naturally occurring spider mite infestations are often unpredictablie, and it is usually only possible to study their effect on middle-to late-season cotton. Thus, to circumvent this problem, in addition to use of pesticides, spider mite densities were augmented by releasing greenhouse-reared T. turkestani into designated plots at various times throughout the season. T. turkestani was chosen for rearing and inoculative release because it is reportedly the moat injurious of the three spider mite species (Brito et al. 1986) .
In an earlier paper (Wilson 1986) , yield loss was observed to be a fuinction of spider mite infestation rate (i.e., infestation trajectory) during the expanding phase of spider mite infestation. In general, the greater the rate of infestation, the greater the expected reduction in yield. Investigators have also demonstrated that time of spider mite infestation (i-e., initiation or establishment) is directly related to yield loss (Furr & Pfrimmer 1968 , Mistric 1969 . Regressing P(1) on a physiological time unit such as degree days (DD) > 12°C from planting, will produce a straight line, the slope of which is an estimate of infestation rate. This approach is simpler to use than the mitedegree-day approach and provides a much more useable index of the potential severity of a spider mite outbreak in the field.
Very few studies have addressed the effect of spider mite abundmce on cotton yield, although Wilson (1986) and Wilson et al. (1987) related yield to dynamics of spider mite infestations. The objective of our current study was to define further the relationship of spider mite infestation dynamics on cotton yield reduction. In a previous paper (Trichilo et al. 1990) , we quantified the relative abundance of the three species of spider mites on cotton as affected by pesticides and time of establishment. The next step was to combine speciesspecific information with yield data to relate species-weighted infestation rate to economic injury and predicted yield loss. With the addition of a species component, we should be able to elucidate more accurately the relationship between rate of infestation, time of infestation initiation, and yield. A better understanding of these interactions will improve your perception of economic injury levels and traditional management practices.
Materials and Methods
Experimental Design. Experiments were conducted over the summers of 1982 and 1983 at the University of California, Westside Field Station. Data were obtained from the same experimental design and plots as those described by Trichilo et al. (1990) . Cultivar and agronomic practices were identical to those described by Trichilo et al. (1990) .
In 1982, a factorial experiment encompassing 6.7 ha was conducted as a split-plot design, in which four blocks comprising four permethrin levels were subdivided into six subplots or treatments. Permethrin levels consisted of (1) no permethrin, (2) permethrin at 0.112 kg (AI)/ha (full label rate) applied on 11 June and 17 June, (3) identical to (2) but with a third application of permethrin on 2 July, and (4) identical to (3) but with permethrin at 0.056 kg (AI)/ha (half label rate). Treatments were as follows: (1) no acaricide, (2) dicofol (at half commercial rate), applied at 0.2 P(I), (3) dicofol (at full rate) applied at 0.2 P(I), (4) dicofol (at full rate) applied at 0,8 P(I), (5) methyl parathion at half rate, and (6) methyl parathion at full rate. Permethrin was used to suppress natural enemy populations, and dicofol, which has a negligible effect against predators on cotton (T. F. Leigh, personal communication) , was used to suppress spider mites. Methyl parathion was used as an insecticide to contrast dicofol. To ensure that spider mite infestations would occur, a small number of miteinfested leaves from another field, with damage resembling that of T. turkestant, was distributed to all plots on 4, 9, 15, and 22 June.
In 1983, a modified factorial design of 7.3 ha was developed in the form of a split-plot design in which (except for control plots) each of five blocks corresponded to a different rate of permethrin application followed by release of greenhouse-reared T. turkestani. Inoculative releases occurred on 8 or 22 June, 6 or 20 July, or 3 August, depending on block number. Thus, the difference between blocks was based solely on release dates of T . turkestani and associated applications of permethrin.
Each block was subdivided into four treatments as follows: (1) no mites released, no permethrin, and no dicofol, (2) mites released, permethrin at 0.112 kg (AI)/ha and dicofol at 1.12 kg (AI)/ha applied at 0.2 P(I), (3) mites released, permethrin, and dicofol applied at 0.8 P(I), and (4) mites released, permethrin, but no dicofol. In addition, a sixth block was used to test for spatial homogeneity and accounted for the modified part of the design. This block received no chemicals and was divided into six subplots. Five of these subplots received inoculative releases of T. turkestant, corresponding to the mite release dates of each of the other five blocks. The sixth subplot, a control, received no spider mites. Each of the five mite-release treatments within block VI was added to the overall analysis, which thus became a modified five x five factorial design.
Sampling. Plots were sampled on a weekly basis beginning on 26 May in 1982, which corresponded to 341 DD (>12"C) after planting, and on 25 May in 1983 (275 DD), Each sample consisted of 40 mainstem leaves, 1 leaf per plant. The leaf chosen represented the mainstem node leaf most likely to have spider mites, 6-9 nodes from the mainstem terminal (Wilson et al. 1983) . Each leaf was examined for the presence of spider mites (i.e., adults or immature:; or both), and the total number of leaves with mites was recorded. From each 40-leaf sample, proportion spider mite infested leaves, P(I), was determined. There were 17 samples taken from each plot over the 1982 season and 20 samples taken throughout 1983. Relative abundance of each of the three species of spider mites on cotton, was determined for each treatment during 1982 and 1983, as described by Trichilo et al. (1990) .
Yield. At the end of each season (late October), six samplers each took five separate counts of numbers of open bolls per meter-row in each treatment. Seed lint was weighed from 30 open bolls picked at random from each of the 30 l-m-row samples in each plot. Seed lint was removed from bolls and ginned to separate lint from seeds to allow calculation of grams per meter-row of cotton lint, which was then converted to grams per square meter.
In 1983, the center four rows of cotton were also machine harvested with a traditional two-row harvester, equipped to collect seed cotton in 0.6-cmmesh bags separately from each row. Seed lint from the machine was ginned to separate lint from seeds. Average plot length was used to compute grams per meter-row of cotton lint, which was subse-* quently converted to grams per square meter. Yield data from 1983 represent the average of hand-plus machine-harvested lint. Analysis. Effects of chemical treatments on yield were tested with analysis of variance (ANOVA), using SAS statistical packages (SAS Institute 1985) adapted to the factorial designs used in 1982 and 1983. Tukey's multiple comparison test was used to distinguish significant differences at a = 0.05, and all reported significant effects are at 5% or less (Tukey 1953).2
Data relating yield to spider mite infestation rates were analyzed for 1982 and 1982-1983 combined, using spline or segmented regression of a single independent variable (Afifi & Clark 1984) .
Spider mite infestation rates were determined by regressing proportion infested leaves versus degreedays during the expanding phase of infestation for each treatment in 1982 and 1983. Rate of spider mite infestation increase was approximated by slope of the regression line. When multiplied by 100 (100 DD ca. 1 wk during summer), this value becomes the infestation trajectory (dp), which is the rate of spider mite increase expressed as the change in proportion p/.lOO DD (see Wilson 1986) . Infestation rate was used as an independent variable to determine its (effect on yield loss and, for consistency, normalized yield was used as the dependent variable.
Infestation rates were also weighted based on relative abund.ance of each species and relative effect of each species on photosynthesis. Damage estimates were derived from Brito et al. (1986) . Photosynthetic rates, as a function of spider mite species density, were normalized (1.0 for 0 mites) for each species. Normalized scalars were then converted to proportion photosynthetic reduction and summed over all mite densities tested. Estimated relative damage scalars for each species were 1.000 for T. urticae, 1.307 for T. pacljicus, and 2.222 for T. turkestani. Composite rate of increase of a mixed population of the three spider mite species was then estimated using equation 1: dp, = dp*[F,*(1.000) + F,*(1.307) where dp, is the infestation rate weighted for T . urticae, dp is the original unweighted infestation rate for a given treatment, and F,, F,, and F, are relative frequencies of T . urticae, T . pacificus, and T . turkestani, respectively, for a given treatment. Weighted infestation rates were used in each method of regression analysis to determine if addition of a species component could increase reliability of infestation rate as a predictor of yield loss.
Data from 1982 suggested that yield response to spider mite infestation rate was limited or absent below a critical rate. Above this rate, however, yield decreased rapidly. A least-squares linear regression was fit to the high yield response data. This nearly horizontal upper line was then intersected with a second line (spline), which was estimated by fitting a line to the lower data points. The value of re for the resulting spline function was derived using equation 2: + F,*(2.222)]
(1) Equation 2 represents 1 -SSrssldual/SStotsl, which is equivalent to SS,,r~,,,/SS,,,.
Spline regression was fitted to both weighted and unweighted data. To assure a consistent and unbiased fit to each set of data, two criteria were established: (1) an equal number of points should lie on each side of the line, and (2) at infestation rates greater than the critical rate (i.e., point of intersection), all predicted values for y must be bounded by 1.0 and 0.0.
The effect of time of infestation by T. turkestant on normalized cotton yield was analyzed for nonacaricide plots, with and without applications of permethrin. This procedure was based on our perception that T. turkestani release dates were closely associated with initiation times of infestation.
Analyses of field data were subsequently used as a basis to stimulate the combined impact of infestation rate and time of infestation initiation on normalized cotton yield and benefit-cost relationships. These simulations allowed us to predict the degree of association between economic injury levels and the critical spider mite infestation rate for given rates of infestation and times of infestation initiation. 
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Results
Pesticides.
Data from 1983 untreated control plots, where no spider mites were released, showed no significant differences in yield. Thus, assump tion of plot homogeneity was not rejected. There was no significant difference in average cotton lint yield between plots treated with dicofol at 0.2 P(1) and 0.8 P(I), during 1982 or 1983 (Fig. 1) . In 1982, treatments of permethrin plus dicofol averaged significantly higher yields (202.7 g/mz) than those with permethrin plus methyl parathion (109.3 g/mz)). Average yield was significantly lower in plots treated with methyl parathion plus permethrin (109.3 g/mz) than in methyl parathion plots not treated with permethrin (197.9 g/mz)). However, there was no sigpificant negative effect of permethrin when dicofol was used (not shown). Thus, the action of permethrin, which produced lower yields, was either unaffected or augmented by methyl parathion but was counteracted by dicofol. where n = 24, P == 0.001, r z = 0.52, y is yield, and dp is infestation rate. There is a critical infestation rate (dp = 0.121) below which there is little or no INFESTATION RATE (dp)
Influence of spider mite infestation rate ( d p ) on normalized yield of cotton lint during 1982, depicted by spline regression.
Fig. 2.
yield loss (Le., slope, -0.778). At a rate of infestation greater than the critical rate, however, there is a dramatic reduction in yield (i.e., slope, -15.414).
Variability associated with the second phase (lowyield group) of the regression line reduced overall fit of the function to the data. Removal of the two outermost data points improved fit of the function (n = 22, P c 0.001, rz = 0.79). Values associated . . with equation 3c (i.e., effects of spider mite outbreaks), represent yields from plots treated with permethrin and methyl parathion (or permethrin only) but not dicofol.
Slope of the second phase of the regression function (equation 3b) is not significantly different from zero, which suggests that infestation rates did not have a significant effect on yield before attaining a rate of 0.121/100 DD. As a result, we assumed that yield variation in the higher yielding plots was not rate-related. Normalizing data to the mean of these values (Fig. 2) (4b) where dp,(critical infestation rate) = 0.121, n = 24, P c 0.001, re = 0.51.
As a result of a more restricted range of infestation rates, biphasic response of yield to infestation was not observed in 1983. Although there appeared to be little relationship between yield (y) and spider mite infestation rate (dp) in 1983, when combined and normalized with 1982, 1983 data fell within the range of points representing the low-yield group in 1982 (Fig. 3) . Effect of both years combined is expressed as follows; yrmx = 1.0; dp < 0.115 (5a) 0.115 < dp c 0.190 (5b) where dp, = 0.115, n = 49, P c 0.001, r2 = 0.30. EWESTATION RAT% (dp)
Influence of spider mite infestation rate (dp) (7) where n = 5, P = 0.023, r2 = 0.86 (identical for each equation) and where y is yield and DD, is release date.
Infestation Rate-Initiation Interaction. Combining the efFects of infestation rate in 1982 with time of infestation initiation, as depicted by release date in the absence of permethrin in 1983, results in a more dynamic representation of the effect of spider mite infestations on cotton yield. This modification gave! rise to equation 8 using unweighted infestation rates: Ymar = 1.0 dP < dPc (84 i=. 1.0 -(dp -dp,)*b dp < dp, (8b) where dp, = 0.1108 + 0.00001839*DD, (8c) (8d) Fig. 4 is a graphical representation of equation 8 and illustrates the effect of spider mite infestation rate and timing of infestation initiation on normalized yield Species Damage Index. Weighting P(1) data to a given species has the effect of moving infestation rates to the riight or left, depending on the species for which data are weighted and proportion of each species within a particular treatment. For example, if weighted for T. urtdcae (least damaging), infestation rates will be shifted varying amounts to the b = 21.245314 -0.007982* DDr   Fig. 4 . Simulated representation of combined effects of spider mite infestation rate (dp), and timing of infestation initiation (DD > 12°C after planting), on proportion cotton yield.
right. If weighted for T. turkestand, the infestation rate required to cause a given yield loss would be shifted to the left. Infestation rates for 1982, weighted for T. urticue, changed the shape of the spline regressiop curve as follows:
0.015 < dp, < 0.173 (sa) 0.173 < dp, < 0.300 (9b) where n = 24, P < 0.001, r e = 0.52, and dp, is the weighted infestation rate. Removal of the same two data points, as done previously, improved fit of the function (n = 22, P < 0.001, r2 = 0.71), although this was not as great an improvement as occurred with the unweighted data.
The 1982-1983 weighted spline function fit the data poorly (regression not shown). T. turkestand (the most damaging and therefore most heavily weighted of the three species) was moderately abundant in 1982 but was extremely low in abundance in 1983 (Trichilo et al. 1990) . As a result, 1982 weighted infestation rates were shifted 20% more than 1983 weighted rates. This relationship was substantiated by regressing weighted infestation rates on unweighted rates, which resulted in a 20% steeper slope for 1982 than for 1983. Because of the poor fit of the 1982-1983 weighted function, further results are presented using unweighted data only.
Benefit-Cost Analysis. Management intervention aimed at suppressing a spider mite population is justified only when the damage prevented by the action exceeds the cost of the intervention. The benefits (damage prevented) accrued from applying an acaricide can be estimated by equation 10, which is based on equation 8:
Damage prevented = 0.0 d p < dp, (104 = [(dp -dp,)*b]*kg lint/ha*$/kg d p ' dp, (lob) This equation assuimes that the acaricide suppresses the spider mite population below a level that would cause yield loss. Were only partial control provided, damage prevented would equal equation 10 times the efficacy (percentage suppression) of the acaricide. This equation also ignores any externalities, such as costs resulting from the use of an acaricide but not borne by the grower. For the following comparison, we assume that the acaricide completely prevents economic loss and that appropriate costs are! taken into account.
Cotton from California's San Joaquin Valley averages ~1 , 2 0 0 kg lint/ha. However, yields commonly vary from as low as 800 to as high as 2,000 kg lint/ha. Fields having higher yield potential in the absence of spider mites have greater potential for yield loss. Similarly, the higher the market value of the lint, the greater the potential for yield loss. The cost of intervention can typically be estimated as the cost of the acaricide plus the application costs. These costs vary depending on labor and machinery costs arid the source and volume of acaricide purchased.
We estimated bienefit-cost ratios for a range of infestation rates ( d p = 0.06-0.22) and times of infestation initiation (100-2,000 DD) and for a wide range of yield potentials, market values, and control costs. Although the benefit-cost ratio assigned a much greater value for a high-yielding (1,684 kg lint/ha), high-valued ($1.76/kg lint), low-controlcost ($25/ha) crop compared with a moderate yielding (1,123 kg; lint/ha), low-valued ($1,32/kg lint), high-control-cost ($74/ha) crop, very little difference exists between these two scenarios when comparing the point at which control intervention is justified (i.e., the benefit-cost ratio becomes greater than 1.0 at infestation rates greater than the economic injury level) (Fig. 5 ). This lack of noticeable difference is attributed to the steep decline in yield once? a critical infestation rate is exceeded. Below the: critical infestation rate, control intervention woulld never be justified. Above the critical infestation rate, the decline in yield is sufficiently rapid that control intervention would inevitably be justified.
Discussion
Pesticides. In agreement with other reports (Goodell & Roberts 1985 , Wilson 1986 , our results indicate that a 0.2 P(1) economic threshold for spider mites is too conservative and should be revised. A P(1) value of 0.8 can also be considered conservative because of the observed tolerance cotton plants have for initial spider mite infestations. Only 
INFESTATION RATE (dp)
Comparison of the critical infestation rate (-) with economic injury levels for cotton as a function of spider mite infestation rate and time of initiation, for after spider mites surpass 0.8 P(1) do infestations begin to affect yield negatively. Below an infestation rate of 0.121 for unweighted rates or 0.173 for T. urticue-weighted rates when initiated at 550 DD, yields fluctuate randomly around maximum. Some of these data points represent plots in which dicofol was applied at 0.8 P(I), thus indicating that the point where infestation rates severely affect yield occurs after 0.8 P(1). Significantly lower yields occurred in nondicofol plots treated with permethrin, or permethrin plus methyl parathion.
Our observations on the action of permethrin, which resulted in significantly lower yields, are consistent with other reports linking this insecticide to dramatic increases in numbers of spider mites (Braun et al. 1987 , Penman & Chapman 1988 . This response has been associated with the demise of natural enemy populations as well as with direct and indirect stimulation of spider mite dispersal and reproduction (Iftner & Hall 1983 , Braun et al. 1987 , Penman & Chapman 1988 .
Rate of Infestation. The analysis demonstrates that low infestation rates have disproportionately less effect on yield reduction than high infestation rates. Our model describes a critical infestation rate, where a major change in the relationship occurs. Change in yield response to spider mite infestation rate can be directly related to the interaction of photosynthetic damage and yield. This interaction is manifested in the initial tolerance cotton plants exhibit to spider mite infestations before effect of feeding damage is expressed in terms of yield loss. After the critical rate is surpassed, yield loss is directly and severely reduced.
The marginal fit of the 1983 data to the damage response relationship derived for the 1982 data (and evident in Fig. 3 ) is largely due to the 1982 infestations being initiated at 550 DD, whereas the 1983 infestations were initiated over an extended period Fig. 3 . Although we chose to normalize yields for both years together, it is possible that yield potentials were intrinsically different from one year to the next because of possible differences in growth conditions. The critiail infestation rate is closely associated with our estimate of an economic threshold of 0.8 P(1). With a fair amount of confidence, we have concluded that when spider mite population rate of increase exceeds the critical rate, P(1) will exceed 0.8 and economic loss will occur. Beyond the critical rate (i.e., steeper part of the curve), data are extremely variable. This variability is fundamental to the P(1)-density relationship (see Wilson 1985) . High infestation rates attain high P(1) levels sooner than low inflestation rates. Because density is less reliably estimated at high P(1) than low P(I), greater variability in the infestation rate-yield relationship at high d p values is a natural outcome.
Time of Ektablishment. Inoculative releases of T. turkestant in 1983 substantiated the premise that yield is a function of time of spider mite infestation initiation. In agreement with several other reports (Canerday & Arant 1964 , Furr and Pfrimmer 1968 , h4istric 1969 , the earlier the infestation occurs, the greater the damage. However, infestation initiation is not necessarily proportional, or even related to, infestation rate. Identical times of infestation can result in dramatically different infestation rates, depending on prevailing natural enemy abundance and pesticide use history.
Species Damage Index. Precision of spline analysis in 1982 was distorted by several data points that registered very high proportions of T. turkestunt and resulted in excessive shifts in estimated rates. Thus, transformation produced big differences between actual and estimated yield values. These extremie values suggest the need for greater reliability in the sampling and species identification process. Mora, samples taken more frequently will reduce the effects of extreme values or outliers. At low infestation levels, however, the cost of collecting a sufficient number of male spider mites for identification can be excessive.
Bene5t-Cost Implications. Improvement in assessing infestation rates and relative abundance of species (Le., refining damage indices) will likely reduce the atmount of variability presently observed in use of infestation rate as an independent variable. Coritinued refinement of this approach will allow early-season prediction of yield loss, based on spider mite infestation initiation and infestation rates. Recognizing 0.8 P(1) as the economic threshold will allow greater flexibility for decisions than did the origiinal 0.2 P(1) and increased accuracy and reliability in assessing incipient spider mite damage. The practical implication of the benefitcost ratio analysis is encouraging from a management erspective in that it provides strong evihighly robust, at least with respect to the parameters examined.
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